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a  b  s  t  r  a  c  t

The  interactions  of tetracycline  (TC)  with  nanoscale  zerovalent  iron  (NZVI)  modified  by  polyvinylpyrroli-
done  (PVP-K30)  were  investigated  using  batch  experiments  as  a function  of  reactant  concentration,  pH,
temperature,  and  competitive  anions.  Transmission  electron  micrographs  (TEM),  BET surface  area  and
Zeta (�)-potential  analyses  indicated  that  the  mean  particle  size  was 10–40  nm  with  a  surface  area  of
36.90  m2/g,  and  a  iso-electric  point  of PVP-NZVI  was  7.2.  The  results  of  X-ray  diffraction  (XRD)  and  high-
resolution  X-ray  photoelectron  spectroscopy  (HR-XPS)  of  modified  nanoscale  zerovalent  iron  (PVP-NZVI)
revealed  that  the  iron  nanoparticles  likely  have  a core of  zero-valent  iron  (Fe0), while  a  shell  is largely
ero-valent iron nanoparticles
etracycline (TC)
echanisms

C–MS

made  of  iron  oxides.  Degradation  of  TC  was  strongly  dependent  on pH  and  temperature.  The  presence
of  silicate  and  phosphate  strongly  inhibited  the  removal  of  TC,  whereas  acetate  and  sulfate  only  caused
slight  inhibition.  LC–MS  analysis  of the  treated  solution  showed  that  the  degradation  products  from  TC
resulted from  the  removal  of  functional  groups  from  the  TC  ring.  The  degradation  products  were  detected
both in  the  treated  solution  (initial  pH  of  3.0 and  6.5)  and  on  the  surface  of  PVP-NZVI  after  4-h  interaction,
indicating  that  PVP-NZVI  can  adsorb  both  TC  and  its  degradation  products.
. Introduction

Tetracyclines (TCs), including oxytetracycline (OTC), tetracy-
line (TC), and chlortetracycline (CTC), are a group of broad-
pectrum antibiotics applied to livestock as additives to combat
iseases. In natural soils, the sorption and transport behaviors of
hese chemicals are similar despite their structural variances [1].
n China, the use of veterinary antibiotics in animal feeds has been
egulated since 1989 and only prophalactic antibiotics such as mon-
nsin, salinomycin, destomycin, bacitracin are permitted as feed
dditives. However, TCs used for therapeutic purpose, are often
llegally used as feed additives by some farming operations [2].
ver 8000 t of antibiotics are utilized as feed additives each year

3]. Zhang [4] reported the main chemistry ingredients of livestock
nd poultry manures of typical intensive feeding in Chinese seven
rovinces and found that the average contents of terramycin, tetra-

ycline and aureomycin were 9.09 mg/kg, 5.22 mg/kg, 3.57 mg/kg,
he variational range of each antibiotics were 1.05–134.75 mg/kg,
–78.57 mg/kg, 0–78.57 mg/kg, respectively. A survey of the
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occurrence of TCs in sandy soils fertilized with liquid manure was
conducted in northwestern Germany. At least three of the 14 agri-
cultural fields surveyed had higher concentrations than the trigger
value (100 �g/kg) of European Agency for the Evaluation of Medic-
inal Products for TCs [5].  In the United States, the annual consump-
tion of TCs in swine and poultry husbandry reached 2.3 and 0.63
million kilograms, respectively, in the late 1990s [6].  Most antibi-
otics enter the environment through municipal effluents, sewage
sludge, solid waste, and manure applications. Recent studies have
reported detection of TCs at around 0.15 ug/L in groundwater and
surface water [7],  86–199 ug/kg in soil, 4.0 mg/kg in liquid manure
[8],  and 3 ug/L in farm lagoons [9].  De Liguoro et al. [10] reported
that OTC can persist in composting manure for at least five months.
Consequently, there have been increasing concerns that the wide
application of antibiotics in livestock production will promote the
evolution of microbial populations resistant to the antibiotics used
by humans. Even low concentrations of pharmaceuticals released
from the environmental matrix into water can pose serious envi-
ronmental damages. Thus, it is of great importance to develop some
efficient and cost-effective treatment technologies to remove such
compounds.
It has been suggested that highly reactive nanoscale zero
valent iron (NZVI) can be applied in groundwater remediation
and other environmental applications. For example, NZVI can
effectively transform many environmental contaminants including

ghts reserved.
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hlorinated solvents, organochlorine pesticides, polychlorinated
iphenyls, organic dyes, and inorganic pollutants [11–19].  One of
he reasons for the high reactivity of NZVI is that it possesses
arge specific surface area which provides more active sites for
he degradation of contaminants. It is recognized that NZVI tends
o aggregate rapidly due to van der Waals and magnetic forces,

aking it difficult for NZVI to interact with target contaminants
11]. To prevent aggregation of NZVI, particle stabilization has been
ommonly practiced by attaching a stabilizer such as a soluble
olymer or surfactant onto the nanoparticles [20]. Sun et al. [16]
emonstrated that polyvinyl alcohol-co-vinylacetate-co-itaconic
cid (PV3A) could serve as an effective dispersant of NZVI. He
nd Zhao [11,21] employed a food-grade starch and sodium car-
oxymethyl cellulose (CMC) as preagglomeration stabilizers to
btain highly dispersed ZVI nanoparticles. Polyvinylpyrrolidone
PVP-K30) is water-soluble, low-cost, environmentally friendly and
ommonly used in food processing. Recently, PVP-K30 has been
uccessfully used as the capping molecules to synthesize highly
onodisperse wurtzite ZnO nanoparticles and the sterically sta-

ilized PVP-silver nanoparticles (PVP-AgNPs) [22,23]. Therefore,
he present study evaluated the using of PVP-K30 as a stabilizer
or preparing physically more stable and chemically more reactive
ZVI for the removal of TC in water. Removal of TC from the aqueous
hase has been widely studied using materials such as aluminum
nd iron hydrous oxides, clay minerals, palygorskite, activated car-
on, multiwalled carbon nanotubes, hydrous manganese oxide and
ith various degrees of success [1,24–28]. However, almost no

ttention has been paid to the interaction of TC with NZVI.
In the present study, PVP-K30 was evaluated for its efficacy as a

ZVI dispersant. The objectives of the present work were to inves-
igate the interaction of tetracycline with PVP-K30 modified NZVI
PVP-NZVI) and to derive the removal parameters applicable over

 wide range of conditions, such as pH, temperature, reactant con-
entration, type of competitive anion, and reaction time. Finally,
ass spectrometry (MS) was used to obtain the structural infor-
ation of TC degradation products and the removal mechanisms
ere also investigated.

. Experimental

.1. Materials and chemicals

Hydrochloride salt of tetracycline (TC, ≥95% purity, MW:
80.90) was purchased from Sigma Co. and the structure of TC
as showed in Fig. 1. Polyvinylpyrrolidone (PVP-K30, MW:  58000)
as purchased from Aladdin-reagent Co., China. Na2SO4, NaH2PO4,
aOH, HCl, KBH4, NaCl, and other reagents were of analytical grade
nd were purchased from Guangzhou Chemical Reagent Factory.
ll chemicals were used as received without further purification.
ll solutions were prepared with deionized water (18 M� Milli-Q)
nd stored at 4 ◦C.

.2. Synthesis procedures

The PVP-NZVI particles were synthesized by using the well-
nown liquid-phase reduction method [29] based on the following
eaction:

e(H2O)6
2+ + 2BH4

− → Fe0↓ + 2B(OH)3 + 7H2↑ (1)

The preparation was carried out in a 500-mL flask attached to
 vacuum pump. First, 0.02 mol  FeSO4·7H2O was dissolved into
00 mL  ethanol solution (30% volume), then PVP-K30 powder (the

eight ratio of PVP to NZVI is 0.35–1) was added with vigorous

gitation. After sparging with N2 for 15 min, 100 mL  0.01 M borohy-
ride solution was slowly added into the above mixture and stirred
or 20 min  at 25 ◦C. Fe2+ was reduced by BH4

− to form black NZVI
Fig. 1. Structure of tetracycline (TC) and the pH-dependent speciation of tetracy-
cline (TC) [47].

particles immediately. NZVI particles were collected by vacuum fil-
tration and washed several times with deionized (DI) water and
ethanol. The resulting black solids were vacuum-dried for 10 h at
40 ◦C, broken up by a spatula and stored in a N2-purged desiccator.

Preparation of bare-NZVI, without adding PVP-K30, the remain-
ing steps was  the same as the preparation method of PVP-NZVI.

Procedure of preparation of hydrous oxide of Fe (HFO) was given
in detail in study of Gu and Karthikeyan [24].

2.3. Methods

2.3.1. TEM (transmission electron microscope)
TEM images were obtained using a JEOL (Japan) JEM-100CX-II

transmission electron microscope (TEM) operated at accelerating
voltage 100 kV. The freshly prepared PVP-NZVI and bare-NZVI sam-
ples were dispersed by ultrasonic before test.

2.3.2. HR-XPS (high-resolution X-ray photoelectron
spectrometer)

Surface composition to a depth of <5 nm of the nanoparticles
was  analyzed with a AXIS Ultra DLD HR-XPS (Kratos, England).
All samples were dried in vacuum at room temperature and then
sealed under nitrogen gas to avoid sample oxidation before analy-
sis.

2.3.3. BET surface area
PVP-NZVI samples were pre-dried at 40 ◦C in a vacuum desic-

cator. The samples were then outgassed for 12 h at 200 ◦C under
vacuum. Surface area of NZVI particles was  determined from the
corresponding N2 adsorption/desorption isotherms obtained at
77 K with an automatic instrument (NAVO 2200, Quantachrome
Instrument, FL, USA).

2.3.4. X-ray diffraction (XRD)
X-ray diffraction patterns were collected using a Bruke D8-
advance X-ray diffractometer at 40 kV and 40 mA. A Cu K� radiation
source was  used in the X-ray tests. Iron nanoparticles were scanned
from 10◦ to 60◦, the scanning rate was  set at 0.020◦/step and
17.7 s/step.
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ig. 2. (a1, a2) TEM images of the synthesized PVP-NZVI particles. The inset in the
are-NZVI particles (the iron nanoparticles in the absence of PVP-K30).

.3.5. Iso-electric point (IEP)
Zeta (�)-potential as a function of the solution pH was used to

etermine the iso-electric point of PVP-NZVI and bare-NZVI. The
olution pH was adjusted with 0.01 M NaOH or 0.01 M HCl. During
he experiment, the system was operated under an inert atmo-
phere. The fresh prepared iron nanoparticle slurry (0.5 g/L) was
haken for 20 min  at 150 rpm until a stable � potential was  reached.
hen samples were collected with glass syringes, and analyzed by
ano-ZS90 (Malvern, United Kingdom).

.3.6. Analysis of TC
The concentration of TC in the solution was analyzed using High

erformance Liquid Chromatography (Shimadzu, Japan). Column:
gilent HC-C18, 5 �m,  4.6 mm  × 250 mm;  The mobile phase was

 mixture of 0.01 M oxalic acid–acetonitrile–methanol (45:35:20,
/v); flow rate: 1.0 mL/min; detector: UV at 360 nm and sample
ize: 20 �L [24,30]. The correlation coefficient of the standard curve
n = 6) was greater than 0.998. TC recoveries in controls (no PVP-
ZVI), determined by HPLC, were >95% at pH between 4.0 and 9.5.

.3.7. HPLC/ESI-MS measurements
HPLC/ESI-MS measurements were carried out using a HCT-Plus

on-trap mass spectrometer (Bruker-Daltonics, Bremen, Germany)
quipped with a HPLC system (Agilent 1100 series, autosampler,
radient pump and degasser, Agilent Technologies, Germany) and

 Zorbax Extend-C18 100 mm  × 2.1 mm column with 3.5-�m par-
icle size (Agilent Technologies, Germany). The mobile phase was

 mixture of 0.01 M formic acid–acetonitrile–methanol (45:35:20,
/v) in an isocratic system at a flow rate of 0.2 mL/min. The mass
pectrometer was run in negative ion mode. They were used to
etermine the products in supernatant samples after 4-h’ interac-
ion with PVP-NZVI (initial pH of 3.0 and 6.5) and the dissolved
ample (the centrifuged PVP-NZVI which was dissolved with con-
entrated hydrochloric acid and then diluted by deionized water).
ll the samples determined by LC–MS were adjusted to pH = 6.5 by
.1 M NaOH and 0.1 M HCl.

.3.8. Total organic carbon (TOC) analysis
TOC was determined with a total organic carbon analyzer

Model TOC-VCPN, Shimadzu, Kyoto, Japan), which utilizes oxida-
ive combustion followed by infrared detection.

.4. Batch experiments
In the batch experiments, TC solutions (CTC 0.225 mM;  ionic
trength 0.01 M NaCl) were prepared fresh daily for each batch test.
o start the experiments, 25 mL  of the prepared TC solution was
s showed the core–shell structure of PVP-NZVI. (b) TEM image of the synthesized

purged with nitrogen for 10 min  in a 50 mL  beaker. Then the solu-
tion was mixed with 0.0025 g freshly prepared NZVI. The beaker
sealed with aluminum foil was  continuously shaked (150 rpm) for
0.33, 0.5, 1, 2, 3, 4, 6 h at 25 ◦C. Parallel experiments were conducted
without nanoparticles (blank). At selected time intervals, pairs of
centrifuge tubes were centrifuged (8700 × g for 5 min) and then
collected with glass syringes and filtered through a 0.45 �m mem-
brane filter for analysis. One or two  drops of 12 mol/L HCl were
added into the filtrate to adjust solution pH to 1–2 in order to disso-
ciate the complex of TC and Fe in solution. After 2 h, the Fe concen-
tration in the filtrate was  determined by the Z–2000 atomic absorp-
tion spectrophotometer (AAS Hitachi Corp., Japan). Each experi-
ment, including blanks, was run in duplicate. The pH of the samples
was  measured by a pH electrode. Other experimental conditions
and measurements except the pH reaction were set at the condition
of dosage of PVP-NZVI, 0.1 g/L; temperature, 25 ◦C; pH, 6.5.

Batch tests were performed in Na electrolyte solutions of vary-
ing strength and anionic counterions, using solutions of 100 mg/L
TC in 0.1, 1, 10, and 100 mM solutions of NaH2PO4, Na2SiO3, Na2SO4,
CH3COONa and NaHCO3. The pH of the suspension was adjusted at
6.5. After 4 h, the suspension was  centrifuged (8700 × g for 5 min),
filtered through a 0.45 �m membrane filter, and analyzed for TC as
described above.

3. Results and discussion

3.1. Characterizations of synthesized NZVI particles

TEM images of PVP-NZVI (Fig. 2a1 and a2) show that the PVP-
NZVI particles were nearly spherical with a size range of 10–40 nm
in diameter and these nanoparticles have a core–shell structure.
The shell (1–10 nm)  probably resulted from iron oxide or PVP, while
the core was attributed to Fe0 [31]. In contrast, in the absence of
the PVP, freshly prepared bare-NZVI particles appeared as bulkier
acerate or dendritic flocs rather than discrete particles due to the
aggregation of Fe particles (Fig. 2b). The aggregated structure of
Fe particles was attributed to the magnetic forces and van der
Waals forces between Fe particles. For the survey of Fe 2p core
levels (Fig. 3a), the photoelectron peaks at 710.67 eV, 719.57 eV and
724.43 eV which suggest that the surface of iron nanoparticles con-
sist mainly of the layer of iron oxides [12,32].  Furthermore, a peak
at around 706.83 eV can also be observed, suggesting the peak of
zero-valent of iron (Fe0). Fig. 3b shows a full survey of the sur-
face composition before and after the reaction, the sample of after

reaction emerged with the peak at N 1s = 400.3 eV and the increase
of intensity of peaks for O and C showing that part of the target
contaminant and products in solution had been adsorbed on the
surface of nanoparticles.
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Fig. 4. (a) X-ray diffraction analysis of PVP-NZVI. (b) X-ray diffraction analysis of
f  before and after reaction.

The BET-measured specific surface area (SBET) of synthesized
VP-NZVI is 36.90 m2/g. The effective mean radius of the iron par-
icles is calculated at 10 nm calculated using Eq. (2)

 = 3[�  ∗ SBET]−1 (2)

nd a density (�) for Fe of 7870 kg/m3, which is consistent with
he TEM results. Furthermore, the XRD pattern of freshly synthe-
ized PVP-NZVI (Fig. 4a) indicated that PVP-NZVI particles mainly
ppeared in the zero-valent iron state, as demonstrated by the basic
eflection at 2-theta 44.9◦. XRD peaks at 2-theta 44.9◦ expected
or �-Fe0 have been reported for these particles [13,14,33].  Since
nly broad peaks appeared in the XRD spectra of HFO (Fig. 4b), it is
onfirmed that the hydrous oxides are noncrystalline minerals. The
ET-measured specific surface area (SBET) of HFO is 310 m2/g (other
haracterizations of HFO not shown). The result was in good agree-
ent with the reports of Gu and Karthikeyan [24] and Goldberg and

ohnston [34], specific surface area (SBET) of HFO were 322 m2/g and

90 m2/g, respectively. Numerous previous studies suggested that
he �-potential of bare-NZVI was negative only when pH was  higher
han the isoelectric point (IEP) of 8.1–8.2 [16,17]. However, Fig. 4c
eveals that the IEP of PVP-NZVI was about 7.2. Considering the
H-dependent speciation of tetracycline and the isoelectric point
f PVP-NZVI, initial solution pH in the experiments was  set at 6.5.
HFO.  (c) Zeta (�)-potential of PVP-NZVI and bare-NZVI as a function of solution pH.

3.2. Factors affecting the removal of TC
3.2.1. Dosage of PVP-NZVI
The removal efficiency of TC with reaction time from 10 min up

to 6 h under different dosages of NZVI is displayed in Fig. 5. The
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Table 1
Chemical equations and stability constants of soluble species.

Chemical equation lg K Reference

Fe2+ + OH− = Fe(OH)+ (4) 4.5
Fe2+ + 2OH− = Fe(OH)2 (5) 7.4 [36]
ture, 25 ◦C; pH, 6.5). (b) Effect of initial TC concentration on the removal efficiency
dosage of PVP-NZVI, 0.1 g/L; temperature, 25 ◦C; pH, 6.5).

emoval efficiency of TC is defined as

emoval efficiency = C0 − Ct

C0
× 100% (3)

here C0 and Ct represent the concentrations of TC at time 0
nd t, respectively. Fig. 5a shows that TC removal efficiency was
reatly affected by reaction time. At low dosage (0.05 g/L PVP-
ZVI), approximately 90% of TC was removed after 6 h. The removal
fficiency of TC increased with increasing PVP-NZVI dosage. As the
osage of PVP-NZVI increased from 0.1 to 0.25 g/L, more than 80%
f TC was removed within 30 min  and approximately 100% within

 h. No decrease of TC concentration was observed in the control
atch reactor containing 2.0 mg/L PVP-K30; therefore, sorption or
artitioning of TC to PVP-K30 was negligible. Fig. 5a shows that
.05 g/L PVP-NZVI exhibited better removal efficiency than 0.1 g/L
are-NZVI. Less removal of TC by the bare-NZVI could be a result of
he aggregation of the particles which indicate that the interactions
etween the particles and the contaminant are minimal. Only 78.3%

f TC was removed by 1.0 g/L HFO after 6 h. The SBET of PVP-NZVI is
ust about one-tenth of that of HFO, however, the TC removal effi-
iency of TC by 0.1 g/L PVP-NZVI is much better than that by 1.0 g/L
FO. The reason is that compared with HFO, PVP-NZVI presents not
nly adsorption but also degradation (detail discuss later).
Fe2+ + 3OH− = Fe(OH)3
− (6) 11

Fe2+ + 4OH− = Fe(OH)4
2− (7) 10

3.2.2. TC concentration
The removal of TC using PVP-NZVI as a function of initial

TC concentration was examined in the concentration range of
50.0–300.0 mg/L. The amount of TC removed increased with the
increase of initial TC concentration, and then reached equilibrium
after 2 h (Fig. 5b). The removal of TC occurred immediately at the
beginning of reaction because of the abundant reactive sites avail-
able on the surface of the fresh material. After 2 h, as most reactive
sites have been occupied, TC degradation proceeded with a much
slower process. Thus, removal rates and capacity were limited by
the lack of reactive sorption sites.

3.2.3. pH
pH is a key factor affecting removal efficiency of TC. TC exhibits

three macroscopic acidity constants. In aqueous environment,
the first deprotonation (pK1 = 3.3) occurs at O3; the second pK
value (pK2 = 7.7) is attributed to O11 and O12; and the third one
(pK3 = 9.7) is ascribed to the protonated nitrogen of the dimethy-
lamino group (Fig. 1) [35]. As a result, TC exists as a cationic,
zwitterionic and anionic species under acidic, moderately acidic to
neutral and alkaline conditions (Fig. 1), respectively. The removal
efficiency of TC was  studied as a function of initial pH (3.0, 6.5, 8.0,
10.0) within 4 h (Fig. 6a). At pH 3.0 and pH 6.5, the removal effi-
ciency of TC was  approximately 100%, but at pH 8.0 and pH 10.0
it decreased to only 53.5% and 43.1%, respectively. These results
indicated that the removal of TC by PVP-NZVI was effective in both
acidic and neutral pH.

As the initial pH at 3.0 and 6.5 (Fig. 6b), the removal efficiency
of TC was approximately 100% and the final pH reach 5.3 and
6.7, respectively. This can be explained by ionization of both the
adsorbate and the adsorbent, which caused repulsion at the sur-
face and sequent decrease of the TC adsorption. All TC species in
solution have positive, zwitterion and negative charges as H3L+,
H2L0, HL− and L2− (Fig. 1). In this pH range (3.0 and 6.5), H2L0 is
the predominant TC species while the NZVI surfaces are positive
(pHIEP of PVP-NZVI = 7.2) causing H2L0 species of TC was adsorbed
onto the positive charged PVP-NZVI surface. When initial pH at
8.0 and 10.0, the removal efficiencies of TC were 53.5% and 43.1%,
respectively. As pH is above 7.7 (pKa2), HL− and L2− are the pre-
dominant TC species while the NZVI surfaces are also negative
(pHIEP of PVP-NZVI = 7.2) causing electrostatic repulsion. Conse-
quently, the removal efficiency of TC at pH 8.0 and 10.0 decreased.
Although there is a significant electrostatic interaction between TC
and PVP-NZVI, a rather strong non-electrostatic interaction also
exists. Fig. 6c shows that the concentration of total dissolved iron
increased initially, and then decreased slowly after 1 h. Yellow floc-
culent precipitates were observed at pH 3.0 and 6.5, which were
considered as Fe-tetracycline complexes rather than hydroxide
precipitation. This was attributed to the fact that the formation con-
stant of Fe-tetracycline complexes (13.4) [35] is higher than that of
Fe–OH complexes (Table 1).

3.2.4. Evolution of pH value during the reaction

Fig. 6b shows the variations of pH in various processes. The final

pH was  much higher than the initial pH except at pH 10.0. The
predominant electron receptors were water and dissolved oxygen
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ig. 6. (a) Influence of pH on the removal of TC by PVP-NZVI. (b) Evolution of pH va
he  reaction. (d) Influence of initial temperature on the removal of TC by PVP-NZVI

ased on the anaerobic corrosion Eq. (8) and aerobic corrosion Eq.
9), respectively.

e0
(s) + 2H2O(aq) = Fe2+

(aq) + H2(g) + 2OH−
(aq) (8)

Fe0
(s) + 4H+

(aq) + O2(aq) = 2Fe2+
(aq) + 2H2O(l) (9)

According to the above reactions, these NZVI particles redox
hould produce a characteristic increase in solution pH [13,37].
ig. 6c shows that pH increased with time and then reached equilib-
ium. Lower pH promoted the corrosion rate leading to the release
f OH−. Parallel experiments in which initial pH was  settled at 10.0
ere conducted without nanoparticles. The results revealed that

oth the TC concentration and the pH decreased. This observa-
ion was in agreement with the findings reported by Rubert and
edersen [38].

.2.5. Temperature
The effect of temperature on the removal of TC was investigated.

he solutions were incubated at different temperatures (25 ◦C,
5 ◦C and 45 ◦C) for 10 min  before reactions. Fig. 6d showed that

s the temperature increased from 25 ◦C to 45 ◦C, the removal effe-
iency of TC increased from 56.4% to 71.1% within initial 10 min. The
xperiments (25 ◦C, 35 ◦C and 45 ◦C) reached equilibrium within

 h and the removal rate of TC at 45 ◦C was much faster than that
btained at other temperatures. It could be the mobility of TC
rom solution to nanoparticles increased at higher temperature and
igher temperature also accelerated iron corrosion.
ring the reaction. (c) Evolution of dissolved concentration of total iron value during

3.2.6. TOC
The curves of TOC of filtrate as a function of reaction time at

different initial pH are shown in Fig. 7. TC was  almost completely
removed after 4 h at pH 3.0 and 6.5. The removal efficiency of TOC
was  consistent with the removal efficiency of TC at different pH
(Fig. 6a). If all TC in solution are transformed by PVP-NZVI with-
43210
0

5C

Time (h)

Fig. 7. Variation of the TOC values determined during the reaction between TC and
PVP-NZVI at different initial pH.
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Table 2
Percent removal rate of TC removal in the presence of competitive anions.

Percentage removal of TC in the presence of anions

Anions, mM SO4
2− HCO3

− H2PO4
− CH3COO− SiO3

2−

0 98.4 98.4 98.4 98.4 98.4
0.1  98.4 98.4 98.4 98.4 98.4
1  98.4 97.1 82 98.4 87.6

10 97.8  94.5 71.3 98.4 85.2

a

b where

w
t
t
e

100 96.2  91.6 

Initial TC: 100.0 mg/L; PVP-NZVI: 0.1 g/L in 0.01 M NaCl, pH 6.5, at 25 ◦C.
Note: % removal of TC in the presence of anions: n = 3, average of triplicate results 
ith PVP-NZVI. The overall TC disappearance in such batch systems
herefore includes not only reduction reaction but also losses due
o sorption. This phenomenon was also found in the work of Burris
t al. [39]. They have carefully differentiated sorption from reaction.

Fig. 8. LC–MS spectra of TC, supernatant samples (initial pH 3.0 and 6.5) and the d
60.2 97.9 84.8

 the standard deviation is less than 10%.
3.2.7. Competitive anions
The effect of competitive anions (SO4

2−, HCO3
−, H2PO4

−,
CH3COO−, SiO3

2−) on the removal of TC by PVP-NZVI was shown
in Table 2. Competitive anion concentrations up to 100 mM caused

issolved sample. The insets show the mass spectra eluted at 2.1 and 1.8 min.
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Table 3
Degradation products of TC by PVP-NZVI.

Compound m/z Molecular weight Formula Possible structure

Tetracycline 444.9 444.4 C22H24N2O8

Product 1 387.1 389.4 C20H23NO7

Product 2 329.6 330.4 C20H26O4

Product 3 270.8 270.2 C19H26O

t
a
a
T
e
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f
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e
p
m
m
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OH O
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H2N
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O O

HO

OH OH OH O

OH O OH
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O O

NH2

OH

HO

H3C CH3

(Tetrac ycline)

1

2

3

-CH3-NH2-OH

-NH2
-OH

-OH
-CHO
he removal efficiency of TC to decrease from 98.4% to 97.9%, 96.2%,
nd 91.6% for CH3COO−, SO4

2− and HCO3
− ions, respectively. The

ddition of 100 mM SiO3
2− and H2PO4

−reduced the removal of
C to 84.8% and 60.2%, respectively. The reason for the negative
ffect of H2PO4

− was that phosphate was a inner-sphere complex-
orming anion which was strongly sorbed to mineral surfaces,
hus decreasing the sorption of TC on PVP-NZVI [37,40].  Others
ound that H2PO4

− was adsorbed more strongly than SiO3
2− on

ynthetic iron oxides and oxyhydroxides [41]. As a result, H2PO4
−

howed more negative effect on TC removal than SiO3
2−. These

esults were informative for in situ remediation using NZVI due to
he coexistence of competitive anions in natural environment.

.2.8. Analysis of degradation products
As an electron donor, NZVI is effective in the transformation of a

ide array of common environmental contaminants such as chlo-
inated solvents, heavy metal ions and organic dyes [17,37,42,43]
ue to its strong reduction characteristics. Experiments were per-
ormed to detect the byproducts of TC using LC–ESI-MS after
reatment by PVP-NZVI. Fig. 8 presents the LC–MS spectra of TC,
upernatant samples (pH 3.0 and 6.5) and the dissolved sample.
he data of mass spectrum of these samples were similar, revealing
hat the degradation products adsorbed on the surface of PVP-NZVI
ere the same as the degradation products in treated solution. In

ther words, PVP-NZVI can adsorb not only TC but also the degra-
ation products. At the retention time of 2.1 min, TC molecular was
luted. After reaction for 4 h at initial pH of 3.0 and 6.5, a new flow
eak was observed at retention time of 1.8 min. Three anions with
/z of 270.8, 329.6 and 387.1 were identified and the anion with
/z of 444.9 is designated to TC molecule. These observations sug-

est that the main intermediates with m/z  of 270.8, 329.6 and 387.1
re generated during reaction. Based on LC–MS results, the main
egradation products of TC by PVP-NZVI are proposed in Table 3.
roduct 1 (m/z 387.1) is originated from TC degradation via loss
f N-methyl and amino group due to the low bond energy of N–C
44] and the loss of hydroxyl group [45]. Further degradation of
roduct 1 (m/z 387.1) leads to the generation of Product 2 (m/z

29.6) via the loss of amino group and hydroxyl group [46]. Then
egradation of Product 2 (m/z 329.6) leads to the generation of
roduct 3 (m/z 270.8) via the loss of carbonyl group and formyl
roup.
OH

Fig. 9. Proposed reduction cleavage of TC and three main degradation products.
LC–MS analysis shows that the main degradation products were
resulted from TC after the losses of some groups from the ring.
Fig. 9 shows the fragmentation pattern suggested for TC. Princi-
pal fragmentations probably resulted from loss of water, ammonia,
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as mainly transformed into the products with similar structures

o TC.

. Conclusions

The present study demonstrated that the PVP-K30 modified
ZVI can be used as an effective and low-cost material for

he effective removal of TC in wastewater. The performance of
atch experiments under various conditions indicated that PVP-
ZVI had superior removal ability toward TC over the range of
0.0–300.0 mg/L. pH is a significant factor affecting the removal
fficiency of TC by PVP-NZVI. The removal of TC is more effec-
ive in acidic and neutral pH. The inner-sphere complex-forming
nions phosphate, silicate, competed strongly with TC for sorption
ites, whereas sulfate and acetate only inhibited the removal of TC
lightly. The removal capacity increased as temperature increased.
C–MS analysis showed that the degradation products were mainly
temmed from TC after the losses of some groups from the ring. The
ata of MS  spectra indicated that PVP-NZVI can adsorb not only
C but also the degradation products. Additional investigations are
ecessary to verify whether the degradation products of TC could
ose serious environmental risks.
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